It is important to account for residual stress relaxation phenomenon in the design of the component. Specimens of 2024-T351 aluminium alloy were used in this study. The specimens were shot peened under three different shot peening intensities. Cyclic tests for two load magnitudes were performed for 1, 2, 10, 1000 and 10000 cycles. Residual stresses, microhardness and the cold work percentage were measured at initial state and after each loading cycle for the three shot peening intensities and for the two loads. The study revealed that most of the drop in the residual stress, microhardness and cold work happened in the first cycle are dependent on the applied load.
Introduction
Even with a partial relaxation of the compressive residual stress still there is a positive beneficial effect on fatigue life due to compressive residual stress. The fatigue live of a component will be below the predictions if residual stress relaxation was not taken into consideration [1] . Understanding and accurately quantifying residual stress relaxation and redistribution under cyclic mechanical loading still remain technical challenges for researchers [2] .
Numbers of empirical equations based on experimental results have been suggested to calculate the relaxation of compressive residual stress. Reduction in residual stress as a function of the exponent of the number of cycles, N was proposed by Han et al. [3] as follows: Linear logarithmic relationship as function of number of cycles was proposed by Kodama [4] as follows:
Where ߪ ே is the surface residual stress after N cycles. A and m are material constants depending on the stress amplitude. Eq. 2 supports the linear logarithmic decreasing relationship between residual stress and loading cycle only after the first cycle. However, relaxation of the compressive residual stress in the first cycle reached more than 40% [5, 6] . Kodama model does not considered this large amount of first cycle relaxation.
In this study, the relaxation of compressive residual stresses as well as the reduction of the hardness and cold work in shot peened 2024-T351 aluminium alloy was investigated. The specimens were shot peened into three different shot peening intensities. Cyclic load test was applied to the specimens and the measurements of the residual stress, cold work percentage and microhardness were recorded at the initial and after each cyclic load.
Experiment
The study was undertaken on aluminum alloy AA2024-T351. The material was received as a plate with a thickness of 6 mm, tensile strength of 484 MPa, yield strength of 348 MPa and an elongation of 15%. The chemical compositions are in Table 1 . The fatigue specimens were scaled in accordance with the Airbus standard [7] as shown in Fig. 1 . The specimens were treated with three shot peening intensities: 0.0054A, 0.0067A and 0.0090A. The other parameters of shot peening were kept confidential to the shot peening treatment provider.
Loads of 15.5 kN and 30 kN were applied to the specimens for 1, 2, 10, 1000 and 10000 cycles for the three shot peening intensities. The cyclic load testing frequency was 30 Hz, the load ratio (R) was set to 0.1 and the tests were conducted at room temperature.
Readings of microhardness were recorded after 1, 2, 10, 1000 and 10000 cycles for the three shot peening intensities and the two loads. Microhardness tests were performed in full accordance with ASTM E 384 [8] . Microhardness test was performed applying 100 g force for 10 seconds.
Using X-ray diffraction (XRD), the initial and residual stresses after each cyclic load were measured in longitudinal direction at the center of gage length on width side at surface of
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Fracture and Strength of Solids VII specimens. Measurements were performed in accordance with SAE HS-784 [9] . Diffraction peak angular positions at each of psi tilts were determined from the position of K-alpha 1 diffraction peak separated from superimposed K-alpha doublet assuming a Pearson VII function diffraction peak profile in high back-reflection region. Samples were rocked through an angular range of ±1.5 deg around mean psi angles during measurement to integrate diffracted intensity over more grains to minimize influence of grain size.
The percent cold work was determined from the breadth at half-height of the (311) diffraction peak from the data obtained in the psi = 10 orientation of the residual stress measurement. The percent cold work was calculated from the diffraction peak breadth at half-height based on an empirical relationship established using specimens deformed to known levels of true plastic strain. The results of the percent cold work calculations based on the breadth of the K-alpha 1 diffraction peak are measured for the untreated materials and for the shot peened materials after each loading cycle for the three shot peening intensities.
Results
Residual Stress. The results of residual stress measurements are shown in Fig. 2 for loads of 15.5 kN and 30 kN, respectively. For a load of 30 kN, a relaxation of 46% of the initial residual stress was observed after the first cycle for a shot peening intensity of 0.0054 A. The maximum relaxation found was 54% of the initial residual stress for a shot peening intensity of 0.0054 A after 10000 cycles for a load of 30 kN. The change in the relaxation percentages of all specimens from 2 loading cycles to 10000 loading cycles is in the range of 5-8% of the initial residual stress. For a load of 15.5 kN, after the first cycle, the initial cold work was reduced by 15%, 18% and 19% for the materials with shot peening intensities of 0.0054 A, 0.0067 A and 0.0090 A, respectively. After 10000 cycles, the initial cold work was reduced by 40%, 47%, and 49% for intensities of 0.0054 A, 0.0067 A and 0.0090 A, respectively. For a load of 30 kN, the initial cold work was reduced by 15%, 18% and 23% for intensities of 0.0054 A, 0.0067 A and 0.0090 A, respectively. After 10000 cycles, the initial cold work was reduced by 50%, 53% and 54% for intensities of 0.0054 A, 0.0067 A and 0.0090 A, respectively as shown in Fig. 3 . (Fig. 4) .
For the 30 kN load, the initial microhardness after the first cycle was reduced to 170 HV, 181 HV and 188 HV for intensities of 0.0054 A, 0.0067 A and 0.009 A, respectively. The microhardness after 10000 cycles was 137 HV, 139 HV and 141 HV for intensities of 0.0054 A, 0.0067 A and 0.009 A, respectively (Fig. 4) .
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Discussion
Stress relaxation occurs when the superposition of the applied stresses and residual stresses exceeds the yield stress. The relaxation of residual stress that occurred within the first loading cycle increased with increasing load due to quasi-static relaxation effects. Holzapfel [10] and Zhuang [11] explained this relaxation using the Bauschinger effect they proposed that the work-hardened surface yields in compression during the compressive part of the initial cycle. After the first cycle, residual stress relaxation may be due to micro-plastic strains accumulating from cycle to cycle. However, the relaxation rate is increased with increasing load and is affected by the shot peening intensities.
The percent reduction of the cold work was increased with increasing applied load and shot peening intensities. As the layer of the surface that is plastically stretched tends to spread out, the adjoining elastic layer around and below the impact layer responds by restraining the expansion, thus a compressive residual stress field is created in the surface layers. The cold work is the degree of the plastic deformation. The cold work percentage due to the shot peening processes can be exceptionally high, reaching up to 40% as reported in [11] .
Microhardness measurements need plastic deformations, and are therefore affected by the residual stress state in such a way that the compressive residual stresses lead to apparently increased hardness values [12] . Therefore, the material's microhardness increased due to the changes in the dislocation density. The highest initial microhardness caused by high dislocation densities located at the surface. It is worth noting that microhardness is also related to the percentage of cold work of the material. Accordingly, microhardness was reduced as the residual stress relaxed. However, the microhardness reduction rate was affected by the percentage of cold work of the shot peened material.
Conclusions
The stability of residual stresses induced by different shot-peening intensities in 2024-T351 aluminium alloy due to cyclic loading was presented. The residual stresses were found to decrease by an amount dependant on the load amplitude. A load of 30 kN decreased the residual stresses in the specimens more than the 15.5 kN load. The maximum residual stress relaxation found was 54% of the initial residual stress, given a shot-peening intensity of 0.0054 A, after 10000 cycles under a load of 30 kN. The change in the relaxation percentages of all specimens from 2 cyclic loads to 10000 cyclic loads is in the range of 5-8% of the initial residual stress. This relaxation percentage is very low compared with the residual stress relaxation in the first cycle, which is more than 46% for the 30 kN load. The relaxation of residual stresses that occurred in the first loading cycle was due to quasistatic relaxation effects. During the subsequent cycles, micro-plastic strains accumulated from cycle to cycle in logarithmic relation to the number of cycles.
The reduction in microhardness was due to the relaxation of residual stress. The microhardness reduction rate was affected by the percentage of cold work of the material.
